Introduction {#S1}
============

The postoperative outcome of the surgical treatment of acute aortic dissection type A (AADA) has dramatically improved in the last two decades by advancing surgical strategy. However, in addition to enforcement neuroprotective protocols such as hypodermic circulatory arrest (HCA), selective anterograde cerebral perfusion (sACP), and the cannulation approach, postoperative neurological disfunction (ND) still represents one of the most severe complications of this surgery, with an adverse and often fatal outcome \[[@ref1]--[@ref3]\]. In addition to initial neurological symptomatology developed as the consequence of the dissection itself, there is a high risk of occurrence of ND after surgical intervention \[[@ref1], [@ref4], [@ref5]\]. It is believed that hypotension, inadequate cerebral perfusion due to the compromised true lumen of supraoptic vessels and thromboembolism are the main mechanisms of the development of cerebral ischemia and neurologic deficits \[[@ref1]\]. Two basic types of neurological damage are described \[[@ref6]\]:

Type I, which includes all major and moderate ND and coma as the extreme form of decreased awareness. Smaller focal cerebrovascular accidents that last more than 24 hours, as well as major epileptic attacks, are also forms of this type \[[@ref5]--[@ref7]\].Type II includes a wide range of neurological manifestations, smaller volume, and lasting, such as temporary visual disturbances, minor epileptic attacks, deficits which last shorter than 24 hours, attention disorders, transient psychotogenic syndrome, and psychiatric disorders \[[@ref5], [@ref6], [@ref8]\].

Listed type I ND are usually classified as transient, and type II as permanent neurological dysfunction, and they exist at discharge from hospital or at the moment of death.

Aim {#S2}
===

The aim of this study is to identify preoperative and intraoperative factors as well as immediate postoperative conditions with an influence on the occurrence of neurological complications of surgical treatment of AADA and accordingly take action to reduce them.

Material and methods {#S3}
====================

Two hundred and forty consecutive patients operated on for AADA between January 2013 and December 2018 were divided into two groups: group I -- patients with ND and group II -- surgically treated patients without neurological symptomatology. Group I was additionally divided into two subgroups: group Ia -- patients with mild, mostly reversible ND and group Ib -- patients with severe, usually permanent ND and disorders of consciousness. All patients were operated on in emergency after computed tomography (CT) diagnostics. In the last 2 years, axillary cannulation with anterograde cerebral perfusion was established as a routine procedure considering the state of supra-aortic vessels (possible involvement of the subclavian artery by dissection). Postoperative neurological complications were diagnosed with neurological examination performed by a neurologist and verified most commonly with a CT examination of the head.

All data used in the study are available in medical records of the "Dedinje" Institute and in the existing internal database of patients with AADA.

Statistical analysis {#S3_1}
--------------------

For statistical analysis we used the EZR program (version 1.33). Categorical variables were compared using the χ^2^ and Fisher test. Significance was defined as statistically significant for *p*-values \< 0.05 and highly statistically significant for *p*-values \< 0.01.

Results {#S4}
=======

Between January 2013 and December 2018 two hundred forty patients with AADA were operated on. Twenty (8.3%) patients died in the operating room or in the first 24 hours after the operation due to massive hemorrhage and/or heart failure, and they were not included in the study analysis. The rate of preoperatively neurological deficit in group Ia, group Ib, and group II was (23.3%, 42.1%, and 13.5% respectively). Four patients with mild neurological symptoms during admission to hospital postoperatively recovered neurological function. Patients with severe neurological deficits preoperatively had the same or worse neurological function after operations. Postoperative ND was registered in the 5 patients who did not have neurological symptomatology preoperatively.

Neurological symptomatology after surgical treatment was found in 87 (39.5%) patients. Isolated mild reversible ND such as disorientation, agitation, temporary limb weakness, and psychoorganic syndrome were found in 30 (13.6%) patients. Severe neurological complications (plegia and irreversible limb weakness, speech disorders, and severe consciousness disturbance and coma) were found in 57 (25.9%) patients, and a few of these patients had at the same time some mild ND ([Table I](#T1){ref-type="table"}).

###### 

Types of postoperative neurological disfunction (ND)

  Type of ND               Number of patients
  ------------------------ --------------------
  Disorientation           32 (14.5%)
  Agitation                31 (14.1%)
  Psychoorganic syndrome   16 (7.3%)
  Paresis and paralysis    49 (22.3%
  Speech disorders         6 (2.7%)
  Sopor and coma           29 (13.2%)

ND -- neurological dysfunction.

Preoperative factors and postoperative neurological dysfunctions {#S4_1}
----------------------------------------------------------------

Males operated on for AADA had postoperative neurological complications more often than females (81.6% of patients with postoperative ND were males, and 42% of managed males developed ND versus 30.8% of operated females). Nevertheless, the difference did not have statistical significance (*p* = 0.1386). The average age of patients in group I is 58.9 years, and in group II 57.6 years, and there is no significant difference between groups.

Reduced level of consciousness, CT registered supra-aortic vessel dissection, neurological deficit, cardiopulmonary reanimation, and intubation of the patient on admission to the hospital or immediate preoperative period are factors with high statistical significance, and they can be considered as predisposing for the occurrence of postoperative ND, particularly severe. None of the mentioned factors influenced the development of mild ND. Prior cerebrovascular ischemia (CVI), transient ischemic attack (TIA), as well as the elapsed time from the first symptoms of dissection had no impact on the occurrence of postoperative ND ([Table II](#T2){ref-type="table"}).

###### 

Preoperative factors and postoperative neurological complications (*n* = 220)

  -------------------------------------------------------------------------------------------------------------------------------------
  Parameter                                      Group I\      Group Ia\    Group Ib\    Group II\     *P*-value          
                                                 (*n* = 87)    (*n* = 30)   (*n* = 57)   (*n* = 133)                      
  ---------------------------------------------- ------------- ------------ ------------ ------------- ------------------ -------------
  Prior CVI, TIA and consciousness disturbance   20 (23%)      6 (20%)      14 (24.6%)   23 (17.3%)    I → II, 0.3\       
                                                                                                       Ia → II, 0.7\      
                                                                                                       Ib → II, 0.2       

  Time from the first symptoms                                                                                            

                                                 \< 12 hours   24 (27.6%)                              36 (27.1%)         I → II, 0.9

                                                 \> 12 hours   63 (72.4%)                              97 (72.9%)         

  Supra-aortic vessels dissection                47 (54%)      12 (40%)     35 (61%)     40 (30.1%)    I → II, \< 0.01\   
                                                                                                       Ia → II, 0.3\      
                                                                                                       Ib → II, \< 0.01   

  Intubation on admission                        14 (16.1%)    1 (3.3%)     13 (22.8%)   5 (3.8%)      I → II, \< 0.01\   
                                                                                                       Ia → II, 0.9\      
                                                                                                       Ib → II, \< 0.01   

  Hypotension and CPR                            27 (31%)      3 (10%)      24 (42.1%)   19 (14.3%)    I → II, \< 0.01\   
                                                                                                       Ia → II, 0.5\      
                                                                                                       Ib → II, \< 0.01   

  Consciousness disturbance on admission         17 (19.5%)    1 (3.3%)     16 (28.1%)   5 (3.8%)      I → II, \< 0.01\   
                                                                                                       Ia → II, 1.0\      
                                                                                                       Ib → II, \< 0.01   

  Neurological deficits on admission             33 (37.9%)    7 (23.3%)    26 (42.1%)   18 (13.5%)    I → II, \< 0.01\   
                                                                                                       Ia → II, 0.18\     
                                                                                                       Ib → II, \< 0.01   
  -------------------------------------------------------------------------------------------------------------------------------------

CVI -- cerebrovascular ischemia, TIA -- transient ischemic attack, CPR -- cardiopulmonary resuscitation.

Intraoperative factors and postoperative neurological complications {#S4_2}
-------------------------------------------------------------------

52.4% of patients with total arch replacement and reconstruction of supra-aortic vessels (9 of 17) had neurological complications and 47.1% (8 patients) severe postoperative ND. In a group of patients in whom arcus of the aorta and supra-aortic vessels were not surgically treated, 78 (38.4%) patients had neurological complications, and 49 (24.2%) severe ND. Obviously, in total, arch group neurological complications are more common (*p* = 0.03), particularly severe neurological damage (*p* = 0.002) ([Table III](#T3){ref-type="table"}). Almost 65% of patients with axillary cannulation did not show neurological complications versus 56% in the group with another cannulation strategy (aorta, femoral artery, apical cannulation), although the difference is not statistically significant (*p* = 0.1099 for the entire group of patients with postoperative ND, *p* = 0.2592 for group Ia and *p* = 0.1415 for group Ib). Concerning neurological outcome, especially the occurrence of severe ND, axillary cannulation showed superiority versus femoral cannulation, while in comparison with apical cannulation, markedly better results were not registered ([Tables IV](#T4){ref-type="table"}\>--[VI](#T6){ref-type="table"}). Use of ACP, even in patients with circulatory arrest longer than 60 minutes, was not followed in our series by a significantly lower incidence of neurological complications (62.4% vs. 58.6%, *p* = 0.8811). Hypothermic circulatory arrest duration in group I, IA, and Ib (48.1 minutes, 44.4 minutes, and 49.9 minutes) are longer compared with group II (37.5 minutes), but the difference is not statistically significant. A similar relation is between extracorporeal circulation duration (161.8 minutes, 160.4 minutes, and 164.5 minutes vs. 153.5 minutes).

###### 

Neurological outcome depending on involvement of aortic arch in reconstruction

  -----------------------------------------------------------
  Group       Total arch\    Other types\         *P*-value
              replacement\   of reconstruction\   
              (*n* = 17)     (*n* = 203)          
  ----------- -------------- -------------------- -----------
  Group I\    9 (52.9%)      78 (38.4%)           0.033
  ND +                                            

  Group Ia\   1 (5.9%)       29 (14.3%)           0.273
  Mild ND                                         

  Group Ib\   8 (47.1%)      49 (24.1%)           0.002
  Severe ND                                       

  Group II\   8 (47.1%)      125 (61.6%)          0.03
  ND --                                           
  -----------------------------------------------------------

ND -- neurological dysfunction.

###### 

Axillary versus other cannulation sites -- neurological outcome

  -----------------------------------------------------------
  Group       Axillary\      Other\               *P*-value
              cannulation\   cannulation sites\   
              (*n* = 93)     (*n* = 127)          
  ----------- -------------- -------------------- -----------
  Group I\    31 (33.3%)     56 (44.1%)           0.1
  ND +                                            

  Group Ia\   11 (11.8%)     19 (14.7%)           0.2
  Mild ND                                         

  Group Ib\   20 (21.5%)     37 (29.1%)           0.2
  Severe ND                                       

  Group II\   62 (66.7%)     71 (55.9%)           0.1
  ND --                                           
  -----------------------------------------------------------

ND -- neurological dysfunction.

###### 

Axillary versus femoral cannulation -- neurological outcome

  -------------------------------------------------------------------------
  Group       Axillary\                Femoral\                 *P*-value
              cannulation (*n* = 93)   cannulation (*n* = 37)   
  ----------- ------------------------ ------------------------ -----------
  Group I\    31 (33.3%)               16 (43.2%)               0.1
  ND +                                                          

  Group Ia\   11 (11.8%)               3 (8.1%)                 0.6
  Mild ND                                                       

  Group Ib\   20 (21.5%)               13 (35.1%)               0.05
  Severe ND                                                     

  Group II\   62 (66.7%)               21 (56.8%)               0.3
  ND --                                                         
  -------------------------------------------------------------------------

ND -- neurological dysfunction.

###### 

Axillary versus left ventricular apex cannulation -- neurological outcome

  -----------------------------------------------------------------------------------------------
  Group       Axillary\                Left ventricular apex cannulation (*n* = 79)   *P*-value
              cannulation (*n* = 93)                                                  
  ----------- ------------------------ ---------------------------------------------- -----------
  Group I\    31 (33.3%)               35 (44.3%)                                     0.1
  ND +                                                                                

  Group Ia\   11 (11.8%)               14 (17.7%)                                     0.2
  Mild ND                                                                             

  Group Ib\   20 (21.5%)               21 (26.6%)                                     0.3
  Severe ND                                                                           

  Group II\   62 (66.7%)               44 (55.7%)                                     0.4
  ND --                                                                               
  -----------------------------------------------------------------------------------------------

ND -- neurological dysfunction.

Immediate postoperative conditions and neurological complications {#S4_3}
-----------------------------------------------------------------

Hypotension and CPR in the immediate postoperative course and rethoracotomy for hemostasis in the first 72 hours after the operation are highly significantly associated with the occurrence of severe ND ([Table VII](#T7){ref-type="table"}).

###### 

Postoperative hypotension and excessive bleeding and neurological complications

  ------------------------------------------------------------------------------------------------------
  Parameter                      Group I\     Group Ia\    Group Ib\    Group II\     *P*-value
                                 (*n* = 87)   (*n* = 30)   (*n* = 57)   (*n* = 133)   
  ------------------------------ ------------ ------------ ------------ ------------- ------------------
  Postoperative hypotension      27 (31%)     4 (13.3%)    23 (40.4%)   20 (15%)      I → II, \< 0.01\
                                                                                      Ia → II, 0.8\
                                                                                      Ib → II, \< 0.01

  Rethoracotomy for hemostasis   25 (28.7%)   3 (10%)      22 (38.6%)   21 (15.8%)    I → II, \< 0.05\
                                                                                      Ia → II, 0.4\
                                                                                      Ib → II, \< 0.01
  ------------------------------------------------------------------------------------------------------

Hospital stay and mortality {#S4_4}
---------------------------

The neurological estimation was checked during postoperative awakening. If uncorrected awakening or neurological deficit existed, neurologists performed examination of patients. The persisting ND was evaluated by CT scan in the patients with satisfactory hemodynamic parameters. Patients with neurological complications stayed longer in the hospital than patients without neurological disturbance (25 days vs. 15 days). Transient ND was recovered before the hospital discharge. The severity of ND did not have a significant influence on the duration of hospitalization, although it was longer in the group with severe ND (29 days vs. 24 days).

The total mortality of all 240 operated patients was 26.7% (64 patients). The death rate of patients with postoperative ND was 39.1% (34 patients), and it is highly statistically significantly higher compared with the group of patients without ND (7.5%, *p* \< 0.01). The most common reason for early mortality within 24 hours after the operation was fatal bleeding or heart failure due to malperfusion syndrome of the coronary artery. The neurological deficit increased the late in-hospital mortality rate. The difference is more pronounced when compared to group Ib and group II (50.9% vs. 7.5%, *p* \< 0.01). The mortality of patients with mild ND (16.7%) is double that in group II, but the difference is not statistically significant (*p* = 0.1174) ([Table VIII](#T8){ref-type="table"}). The most common causes of death in group Ia and group II were postoperative bleeding, heart failure or respiratory failure; these patients died in the early postoperative period, 1 (IQR 1--3) day. Severe neurological deficit was associated with late death outcomes, 10 (IQR 10--16) days.

###### 

Mortality of operated patients

  -----------------------------------------------------------------------
  Group I\     Group Ia\    Group Ib\    Group II\     *P*-value
  (*n* = 87)   (*n* = 30)   (*n* = 57)   (*n* = 133)   
  ------------ ------------ ------------ ------------- ------------------
  34 (39.1%)   5 (16.7%)    29 (50.9%)   10 (7.5%)     I → II, \< 0.01\
                                                       Ia → II, 0.1\
                                                       Ib → II, \< 0.01

  -----------------------------------------------------------------------

The mortality rate was insignificantly higher in the patients in whom apical cannulation was performed (*p* = 0.1). Probably these patients needed emergent cannulation and cardio-pulmonary bypass.

Discussion {#S5}
==========

From 220 analyzed patients, ND were observed in 87 (39.5%), which is a number higher than we found in the literature (Sinatra *et al*. 24.7% of 85 patients, Conzelmann *et al*. 17.2% of 237 patients, Kim *et al*. 31.4% of 188 patients) \[[@ref5], [@ref9], [@ref10]\]. Even though there are studies with a higher frequency of ND (Gaul *et al*. 47.5% of 102 patients) \[[@ref4]\]. Severe ND occurred in 57 patients (25.9%) that is also a little higher than in other studies (Dumfarth *et al*. 15.8% of 303 patients with postoperative stroke, Bassano *et al*. 12.3% of 102 patients, Wiederman *et al*. 16% of 329 patients) \[[@ref1], [@ref2], [@ref11]\], but it must be considered that in those studies it was only about permanent ND and that some of them did not include patients with preoperative ND \[[@ref2]\].

Supra-aortic vessels dissection and cerebral malperfusion can lead to more frequent occurrence of postoperative ND for the following reasons: 1. Operation in full heparinization in the condition of cerebral ischemia could provoke conversion of ischemic to hemorrhagic cerebral infarction; 2. additional cerebral malperfusion during extracorporeal circulation; 3. cerebral reperfusion leading to worsening of existing ND \[[@ref12], [@ref13]\]. Conzelmamm *et al*. indicate supra-aortic vessel dissection as a preoperative risk factor for postoperative ND. The same conclusion about the association with new ND after the operation was reached by Cherny *et al* in a study on 523 patients \[[@ref14]\]. However, Dumfarth *et al*. state that dissection of the supra-aortic vessels is not a risk factor for postoperative stroke (dissected innominate artery in patients with stroke 62.5% vs. 56.5% in patients without stroke, *p* = 0.529 and right carotid artery dissection 39.5% in patients with stroke vs. 27.5% in patients without stroke, *p* = 0.119) \[[@ref1]\].

Preoperative neurological symptomatology, consciousness disturbances, hemodynamic instability, hypotension, and CPR and intubation of the patient on admission to hospital are undoubtedly factors highly statistically related to postoperative ND attendance. In Dumfarth's study, patients with postoperative stroke were in significantly worse hemodynamic condition on admission (18.8% vs. 3.5%, *p* \< 0.01) \[[@ref1]\]. The same study also points to the significant correlation between preoperative and postoperative ND (25% vs. 11.8%, *p* = 0.022), as well as cerebral malperfusion syndrome before the operation (47.9% vs. 22.4%, *p* \< 0.01). Although the mentioned factors in our study only affect the onset of severe ND, Haldenwang *et al*. identified poor preoperative mental condition as a preoperative risk factor for temporary postoperative ND \[[@ref3]\].

Short time from the onset of first symptoms to surgery did not show any conclusive association with a lower frequency of neurological complications and improvement of eventual primary neurological deficits. Most studies, however, show that the best results are achieved with the operation started within 10 hours. Morimoto *et al*. reported that elapsed time more than 9.1 hours is related to the failure of neurological recovery \[[@ref15]\]. Tsukube *et al*. and Orihashi even opine that the optimal time for the neurological operation is 5 hours \[[@ref12], [@ref16]\] with an additional neuroprotective strategy: initial deep hypothermia and ACP following by mild hypothermia in intensive care and postoperative magnesium treatment. The fact that practically none of our patients had been operated on within the golden 10-hour period is the reason for the absence of similar results in our study.

The number of patients with total arch replacement was not too big (17 of 220 patients), but obviously, neurological complications, particularly severe neurological damage, follow more often total arch replacement than another type of reconstruction of the aorta where supra-aortic vessels were not covered with the repair. Data presented by Kim *et al*. with a much higher incidence of newly developed ND after total arch replacement (47.7% vs. 26.4%, *p* = 0.003) \[[@ref10]\] are quite similar, unlike data of the GERAADA group, who compared the onset of postoperative neurological deficits between the total arch and Hemi arcus group, without a significant difference between groups (13.6% vs. 12.5%, *p* = 781) \[[@ref17]\].

Cerebral protection, which includes cannulation of the right axillary artery, ACP, and measurement of cerebral oximetry during operation, was applied in most of the analogous studies \[[@ref18]\].

Our study, however, did not show a statistically significant difference related to the other cannulation choice, but axillary cannulation and ACB showed an important tendency toward better results, considering postoperative neurological condition, particularly related to the femoral artery cannulation. The reason for lack of statistical significance lies in the fact that axillary cannulation was established in our institution as a routine procedure just in the 2--3 last years. The most commonly used cannulation strategy in the previous period of time was left ventricle apex cannulation, and it showed very good results, specifically in hemodynamically unstable patients, enabling the rapid establishment of extracorporeal circulation and cooling the patient for circulatory arrest. A similar reason exists for the absence of positive effects of ACP, with an additional one -- the relatively small number of patients with circulatory arrest longer than 60 minutes (37 patients -- 16.8%). Despite a few other studies where there was no significant difference in the incidence of cerebral complications between axillary and femoral cannulation (Lee *et al*.), many more studies have shown the superiority of axillary cannulation \[[@ref19]--[@ref21]\].

Postoperative ND, mild and severe, are extending hospitalization stay and thus seriously increase the cost of treatment. However, a more serious consequence of neurological complications is significantly higher hospital mortality, primarily in patients with severe ND (50.9%). The most common cause of death is heart failure or multiorgan failure, and those patients mostly have severe consciousness disturbance and coma. Mortality in patients with mild ND is almost double that in patients without ND, which cannot be ignored, although statistical significance does not exist.

Absence of reliable assessment of preoperative neurological condition performed by a neurologist and precise determination of the degree of neurological damage and depth of consciousness disorder.

Unreliable data about time since the first symptoms of aortic dissection to the hospital admission for operative treatment.

CT scan examination was often done in the regional medical center without direct insight into CT findings (only the description given by a regional doctor was available).

Conclusions {#S6}
===========

Based on the study data, all identified risk factors are exclusively related to the development of severe ND. The fact that we did not find any single risk factor for the appearance of mild ND indicates the need to use a different study design which could detect them, considering their great medical importance (prolonged hospitalization and higher mortality).

On the other hand, powerful risk factors for the development of severe postoperative neurological damage were detected. It is essential to define in advance an operative strategy in relation to the type of reconstruction, choice of the cannulation site, and cerebral protection in order to establish normal cerebral perfusion as soon as possible, especially in patients identified as being at high risk for postoperative neurological damage.
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